Gradients of allele frequencies have long been considered the main genetic characteristic of the European population, but mitochondrial DNA diversity seems to be distributed di¡erently. One Alu insertion (YAP), ¢ve tetranucleotide (DYS19, DYS389B, DYS390, DYS391 and DYS393) and one trinucleotide (DYS392) microsatellite loci of the Y chromosome were analysed for geographical patterns in 59 European populations. Spatial correlograms showed clines for most markers, which paralleled the gradients previously observed for two restriction fragment length polymorphisms. E¡ective separation times between populations were estimated from genetic distances at microsatellite loci. Even after correcting for the possible e¡ects of continuous local gene £ow, the most distant Indo-European-speaking populations seem to have separated no more than 7000 years ago. The clinal patterns and the estimated, recent separation times between populations jointly suggest that Y-chromosome diversity in Europe largely re£ects a directional demic expansion, which is unlikely to have occurred before the Neolithic period.
INTRODUCTION
The European gene pool seems to have been formed in two main phases (Cavalli-Sforza et al. 1994) : an initial Palaeolithic colonization and a later Neolithic demic di¡usion. Both phases entailed a population expansion from the Levant (Ammerman & Cavalli-Sforza 1984) . Later gene £ow has also a¡ected the distribution of genetic diversity (Sokal et al. 1993) . Schematically, however, there are two alternative views on the origins of the European gene pool (outlined in ¢gure 1).
(a) A Palaeolithic origin of the European gene pool?
According to this view, the current European gene pool largely originated in the Upper Palaeolithic, when the ¢rst anatomically modern humans moved in from the Near East. Radiocarbon evidence shows Upper Palaeolithic industries in south-eastern Europe more than 44 000 years ago and a westward and northward spread of these artefacts. Around 30 000 years ago, much of Europe was populated (see Richards et al. (1997) and references therein), although at low population densities (Birdsell 1968) . Further demographic changes in the late Palaeolithic may have involved local extinctions and repopulations in response to climatic changes (see e.g. Torroni et al. 1998) . The Neolithic di¡usion of farming technologies is regarded as a consequence of a cultural, not demographic, process, which would have had limited e¡ects on the composition of the European gene pool.
(b) A Neolithic origin of the European gene pool?
According to this view, there was a large-scale population replacement in the Neolithic, between 10 000 and 5000 years ago. When technologies for food production were developed in the Levant (Renfrew 1987) , a combination of demographic growth, individual dispersal and limited admixture with pre-existing European hunterĝ atherers led to a westward di¡usion of populations which did not inhabit Europe in the Palaeolithic (Harlan 1971; Ammerman & Cavalli-Sforza 1984) . During that expansion, the populations of eastern Europe received, on average, greater shares of immigrating genes than the populations of central and western Europe (Menozzi et al. 1978) . The Indo-European languages may also have spread in Europe through that Neolithic expansion (Renfrew 1987) .
(c) Palaeolithic colonization versus Neolithic demic di¡usion
Until recently, the extensive gradients of allele frequencies (Menozzi et al. 1978) and DNA variants (Semino et al. 1996; Chikhi et al. 1998a,b) , comparisons with archaeological and linguistic evidence (Sokal et al. 1991; Barbujani et al. 1994 ) and computer simulations (Rendine et al. 1986; Barbujani et al. 1995) appeared to jointly support a major population replacement in the Neolithic. However, studies of mitochondrial DNA (mtDNA) variation showed little geographical structure in Europe (Richards et al. 1996 (Richards et al. , 1998 and allele genealogies that coalesce tens of thousands of years ago. By equating the ages of the mitochondrial alleles with the ages of the populations, Richards et al. (1996) proposed that 85% of the European gene pool was descended from the ¢rst Palaeolithic colonizers, with a limited contribution of Neolithic farming immigrants. Late Palaeolithic expansions from glacial refugia located in southern and central Europe could explain the absence of continentwide clines (Torroni et al. 1998; Sykes 1999) .
Two crucial points are therefore the extent and origin of the gradients observed for many protein and DNA markers (Bertranpetit et al. 1996; Cavalli-Sforza & Minch 1997; Richards et al. 1997; Barbujani et al. 1998; Sykes 1999) . Is the non-clinal pattern of mtDNA variation the exception or the rule at the DNA level ? And does current DNA diversity suggest a recent separation of the European populations (i.e. at a moment compatible with a common ancestry in the Neolithic period) or an earlier subdivision (i.e. before the Neolithic farming technologies spread in Europe)? To address these questions, we studied the distributions of nine Y-chromosome markers in Europe, quantitatively describing patterns of spatial diversity and estimating probable dates of population split.
MATERIAL AND METHODS

(a) The data
The data set analysed was collected through an extensive search of published literature, integrated by unpublished information on Albanian, Italian and Turkish populations (¢gure 2). (The data set, including 16 562 individual records and bibliographical sources, is available from the corresponding author upon request.) Among the polymorphisms listed by Jobling & Tyler-Smith (1995) , we considered ¢ve tetranucleotide (DYS19, DYS389B, DYS390, DYS391 and DYS393) and one trinucleotide (DYS392) microsatellite loci. By combining information on the DYS19 locus and the presence^absence of an Alu insertion (or YAP element, DYS287; Hammer 1994) two-locus haplotypes were also constructed, which will be hereafter referred to as DYS19/YAP. Not all markers were typed in all populations and so sample sizes varied across loci (see tables 1 and 2).
We also included in our analysis the data reported by Semino et al. (1996) , referring to the`European' alleles of the two restriction fragment length polymorphisms (RFLPs) systems p12f 2/ TaqI (DYS11) and 49a,f/TaqI (DYS1), namely the 8 kb fragment and the haplotype 15, respectively. In this way, nine Y-chromosome markers were analysed in parallel, two of which (DYS19 and DYS19/YAP) were not statistically independent. An additional factor reducing independence between the various sets of data, to an extent that proved impossible to quantify, is the fact that the same individuals may have been typed at more than one locus.
(b) Spatial autocorrelation analysis
We tested for spatial structure in the data by using two spatial autocorrelation methods designed for the treatment of frequency (SA: Sokal & Oden 1978) and DNA sequence (AIDA: Bertorelle & Barbujani 1995) data, respectively. Spatial autocorrelation measures the level of resemblance between samples (SA) or between individuals (AIDA) as a function of their distance in space. In this way, the spatial patterns produced by distinct classes of evolutionary phenomena can be objectively described and often recognized.
Autocorrelation statistics are estimated by comparing all pairs of samples separated by arbitrary spatial lags (in this study 1^500 km, 500^1000 km and so on). Positive or negative values of the coe¤cients summarizing frequency (SA) or sequence (AIDA) di¡erences in a given class indicate genetic similarity or dissimilarity, respectively. Therefore, a decreasing set of coe¤cients at increasing distances describes a genetic gradient, whereas isolation by distance is re£ected in an asymptotic decline of autocorrelation, from positive signi¢cance at short distances to non-signi¢cant. AIDA di¡ers from SA in that alleles of very di¡erent length contribute to negative autocorrelation more than alleles di¡ering by one or two repeats only. In this way, the AIDA statistics re£ect both allele frequency di¡erences between samples and length di¡erences between alleles.
(c) Locating population splits in time
Under a stepwise mutation model and mutation^drift equilibrium, the squared di¡erence in average allele lengths between two populations () 2 is linearly related with the time (generations) since population splits:
where is the mutation rate (Goldstein et al. 1995) . By estimating one can put demographic processes into an approximate timeframe. One crucial assumption of the model is the absence of signi¢cant gene £ow after two groups separated, which is unlikely to hold for geographically near populations. For that reason, we 1960 R. Casalotti and others Y-chromosome polymorphisms Figure 1 . A schematic representation of the demographic processes involved in models of (a) Palaeolithic and (b) Neolithic origins of the European gene pool. The past is at the bottom of the ¢gures, the present at the top; P is the Palaeolithic and N is the Neolithic. The thickness of the bars re£ects the relative importance of genes that spread in the two periods in Western (W), Central (C) and Eastern (E) Europe from the Levant (L).
decided to estimate t only between samples separated by large geographical distances, for which the assumption of negligible local gene £ow is more robust. We used a mutation frequency of 2 Â10 73 per locus per generation, estimated from genealogies for tetranucleotide short tandem repeats (STRs) of the Y chromosome (Heyer et al. 1997) . Because this ¢gure was obtained after excluding the two most variable pedigrees from the analysis, it is probably an underestimate of the actual mutation rate. In addition, trinucleotides mutate at a higher frequency than tetranucleotides (Chakraborty et al. 1997), but here the mutation rate 2 Â10
73 was applied to DYS392 as well. Finally, the human generation time is often rounded at 20 years (see e.g. Perez-Lezaun et al. 1997b ), but here we chose to consider each generation to cover 25 years. None of these factors seem likely to a¡ect the estimated -values drastically, but the parameters that we chose tend, if anything, to in£ate them.
RESULTS
Besides the two RFLP markers, the samples considered included 43 STR alleles, 20 of them polymorphic in the sense that their frequency over Europe exceeds 0.05 and 13 DYS19/YAP haplotypes, ¢ve of them polymorphic.
Rare alleles are poorly informative on spatial processes, since their patterns are deeply a¡ected by the random e¡ects of sampling (Sokal et al. 1989 ) and so only the 27 polymorphic alleles were analysed (tables 1 and 2).
Twenty-two autocorrelation patterns were signi¢cant at the 0.05 level. For the biallelic polymorphisms identi¢ed by the 49a,f and p12f 2 probes, the patterns observed are in agreement with previous ¢ndings based on visual inspection of data (Semino et al. 1996) ; the variation is approximately clinal for p12f 2 and signi¢cantly so for 49a,f. Eleven microsatellite alleles showed a statistically signi¢cant clinal distribution, whereas for DYS19/ YAP * 190 (7) there is evidence of long-distance di¡eren-tiation, but not a proper gradient of frequencies. At all loci except DYS390 and DYS391, one or more alleles were clinally distributed over Europe. After Bonferroni correction for multiple tests (i.e. after multiplying the highest observed signi¢cance for the number of correlograms, 27), the overall autocorrelation was still signi¢cant (p 5 0.025). The binomial probability of observing 22 patterns signi¢cant at the 5% level in 27 tests by chance is virtually zero (10
724
). Gradients of molecular diversity were detected by AIDA for all loci except DYS390, where autocorrelation Y-chromosome polymorphisms R. Casalotti and others 1961
Proc. R. Soc. Lond. B (1999) Figure 2 . Distribution of population samples. The data on the p12f 2 and 49a,f/ TaqI RFLP polymorphisms are from Semino et al. (1996) . Triangles, samples typed for DYS19/YAP; circles, samples typed for DYS19 and other STR loci; asterisks, samples typed for 49a,f/TaqI and 12f 2/TaqI RFLPs.
was still signi¢cantly di¡erent from zero at all distance classes, but the negative peak was between 1000 and 2000 km (table 2) . At the other ¢ve loci and for the DYS19/YAP haplotypes, autocorrelation was positive and signi¢cant, not only within samples, but also at the shortest distance classes and the molecular similarity between populations decreased with distance, reaching its highest levels in the last distance class.
The separation times between populations estimated from allele-length di¡erences (Goldstein et al. 1995) varied from a maximum of 14 875 years (at the DYS392 locus, between Basques and Italians) to virtually zero (in many cases, the gene pools of near populations never really separated). A few other large values were observed, all of them in comparisons involving either Finns or Basques, i.e. populations speaking non-Indo-European languages. The maximum estimated separation between samples speaking a Indo-European language was 10 296 years (at the DYS19 locus, between Slovaks and Catalans).
The di¡erences between loci were, as expected, substantial. Table 3 shows the highest values observed in comparisons between the most di¡erentiated IndoEuropean-speaking samples ( max ) for each locus, as well as comparable ¢gures for four autosomic tetranucleotide STR loci (Chikhi et al. 1998a ). The average max was less than 5000 years.
DISCUSSION
A highly signi¢cant degree of geographical structuring was evident for several polymorphisms of the Y chromosome. The patterns identi¢ed by spatial autocorrelation were mostly clinal and therefore consistent with the e¡ects of a directional population expansion. The fractions of loci showing signi¢cant clines seemed higher at the DNA than at the protein level (see Sokal et al. 1989; Barbujani et al. 1994; Chikhi et al. 1998a,b) .
Both main models of the origin of the European gene pool assumed a population expansion from the Near East. On the contrary, a model based on mtDNA data and interpreting genetic diversity as a consequence of late Palaeolithic expansions from glacial refugia (Torroni et al. 1998; Sykes 1999 ) seemed at odds with this and other analyses of nuclear polymorphisms. Indeed, several independent expansions from southern and central Europe are extremely unlikely to have resulted in multilocus gradients encompassing the entire continent. To discriminate between the e¡ects of the initial Palaeolithic colonization and of the Neolithic demic di¡usion, one must place the observed pattern into a time-frame. Malaspina et al. (1998) analysed a combination of microsatellite, insertion/ deletion and restriction polymorphisms of the Y chromosome, observed both clinal and non-clinal patterns in Europe and tentatively attributed the clines to the e¡ects of a Palaeolithic expansion. On the contrary, in this study, the times estimated from microsatellite diversity tended to be short, much shorter in fact than 10 000 years. The statistical error is probably large here; all the ¢gures in table 3 are independent estimates of the deepest split between populations. Approximate though they must be, however, ¢gures between 10 296 and a few hundred years seem unlikely to represent random variates about a real separation time preceding the Neolithic period.
As Weiss (1984) remarked, these are`e¡ective separation times', that is to say these dates indicate moments at which one could locate the split between populations, had no local gene £ow occurred afterwards. Therefore, these ¢gures probably underestimate the depth of the genealogical relationships between populations. However, could continuous gene £ow lead to misplacing in Neolithic times a separation that really occurred in the Paleolithic period? On the basis of a birth-and-death process (Slatkin & Rannala 1997) , Chikhi et al. (1998a) showed that, if as many as 15 genes travelled from the Balkans to Iberia in each generation for 40 000 years, the -values would decrease by 9% at worst. This means that, even if we correct for extraordinarily high levels of continuous gene £ow and increase our estimates by 9%, the average max would become 5054 and the highest value observed at a single locus would be 11223.
Other factors may a¡ect the estimated values of . Goldstein et al.'s (1995) model assumed mutation^drift equilibrium which means that di¡erent alleles are lost by drift in di¡erent populations (leading to genetic divergence), but mutation tends to reintroduce them (increasing genetic similarity between samples). In a worldwide study of microsatellite diversity, Perez-Lezaun et al. (1997a) concluded that, if separation times are short, the e¡ects of drift dominate over those of mutation. If their point is correct, should overestimate the time that has elapsed since the European population splits, which happened recently on an evolutionary scale. In synthesis, we do not think these dates should be taken literally, but (i) the calculations based on Chikhi et al.'s (1998a) model show that, if two gene pools really separated in Palaeolithic times, reasonable levels of successive gene £ow cannot dramatically reduce the estimates of , and (ii) departures from mutation^drift equilibrium are unlikely to result in an underestimation of .
The di¡erences between the dates estimated in various studies may partly depend on their di¡erent assumptions. The coalescence time of a genealogy of alleles has been used to approximate the age of the European gene pool in some analyses of mtDNA (Richards et al. 1996; Sykes 1999 ) and Y-chromosome data (Malaspina et al. 1998) . However, coalescence times are the ages of molecules, which re£ect the age of the population only if that population passed through a bottleneck that erased all previously existing diversity. That might have been the case for some geographic or linguistic isolates, such as Finns (Sajantila et al. 1996) . On the contrary, if a population was founded by a group of genetically di¡erentiated individuals, the coalescence times will consistently overestimate its age (Saitou 1996; Barbujani et al. 1998) . Can one safely assume that the entire European population evolved from a very limited number of ancestors?
The microsatellite loci of this study are not the best markers for addressing this question, because of their high mutation rate. However, most single-nucleotide polymorphisms (SNPs) are considered to have arisen only once in human evolution (Hammer et al. 1998) . A strong founder e¡ect at the origin of the European gene pool would then be expected reduce both SNP diversity within Europe and allele sharing with other continents. In a worldwide survey of Y-chromosome SNPs, Hammer et al. (1998) described ten di¡erent haplotypes. Four of them are present in the ¢ve European populations typed and none of them is restricted to Europe. This result may not be con¢rmed by further studies of other polymorphisms, but it certainly does not support a strong founder e¡ect at the origin of the European gene pool. As a consequence, we think that one should treat the coalescence times of European allele genealogies only as an upper bound of the populations' age. Palaeolithic coalescence times are fully consistent with a Neolithic subdivision of the European gene pool.
The questions of whether mtDNA really shows geographical patterns that are not typical of most nuclear markers and why still call for an answer. Possible explanations include selection and di¡erent migrational behaviours of males and females (Seielstad et al. 1998) . As for the Y chromosome, populations are being typed for SNPs and it will soon be possible to see whether evolutionarily stabler polymorphisms do or do not con¢rm the clinal patterns shown in this study by fast-evolving microsatellites. Like any large-scale analysis of population data, this study is necessarily based on less than optimal collections of samples, which may have somewhat a¡ected its results. However, the amount of structuring detected, its statistical signi¢cance, the estimated times of population split and previous analyses of autosomic protein and DNA variation (Cavalli-Sforza et al. 1994; Chikhi et al. 1998a,b) are in evident agreement with a model of population replacement in the Neolithic, accompanied by separation of what we could call regional gene pools. Alternative models should be considered only if, besides improving our understanding of other aspects of the European population structure, they can also fully account for all these observations. Many thanks to Je¡rey Long, Rick Kittles, Michele Stenico and Giulietta Di Benedetto for giving us access to their unpublished data. This study was supported by grants from the Italian Ministry of University (COFIN 97) and the Universities of Ferrara and Bologna.
